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on September 29, 2016 by CORNELL UNIVERSITY http://jvi.asm.org/ Downloaded from 5 liver macrophages, and 50% of NPC are liver sinusoidal endothelial cells (LSEC) (13). We found 88 previously that NS2 H126R infection failed to induce RNase L activation in hepatocytes and that 89 NS2 H126R replicated to similar extent as A59 in that cell type (9). However, little is known about the 90 activation of the OAS-RNase L pathway in the other liver cell types and specifically in which cell type 91 RNase L activation will limit NS2 H126R replication, although previous studies implicated a protective 92 role of KC(3). Here, we isolated the various primary liver cells and infected them with WT A59 and 93 NS2 H126R to assess the activation of RNase L as well as quantify viral replication from these cells.
94
We found KC and LSEC but not hepatocytes can limit NS2 H126R replication, indicating they have an 95 active OAS-RNase L pathway and this is likely due to differential levels of expression of RNase L as 96 well as OAS among these liver cell types. To further study the protective role of KC and LSEC, we 97 performed in vivo cell depletion in mice and showed depletion of KC or LSEC enhance NS2 H126R liver 98 replication and pathogenicity.
99

MATERIAL AND METHODS
100
Cells lines, mice and viruses. Mouse L2 fibroblasts were cultured as described previously (14) .
101
Recombinant coronaviruses inf-MHV-A59 (A59) and inf-NS2 H126R (NS2 H126R ) have been described 102 previously (15, 16). C57BL/6 (B6) mice were purchased from the National Cancer Institute 103 (Frederick, MD), and bred in the University of Pennsylvania animal facility. All procedures were 104 approved by the University of Pennsylvania Institutional Animal Care and Use Committee (IACUC). 6 cut immediately to allow the buffer (20-30 ml) to flow through the liver.
111
For hepatocytes, the liver was digested with collagenase IV (0.05%) (Sigma-Aldrich) in liver 112 digestion buffer (NaCl, 8g/L, KCl, 0.4g/L, NaH 2 PO 4 H2O, 78mg/L, Na 2 HPO 4 120.45mg/ml, HEPES, 113 2380mg/L, Na 2 CO 3 , 350mg/L, phenol red, 6mg/L, CaCl 2 2H2O, 560mg/L, pH=7.4). After digestion, 114 the liver was removed from the mouse and cells were dissociated from Glisson's capsule and were 115 filtered through a 100μm cell strainer (Becton Dickinson, BD). The cells were centrifuged at 40×g for 116 3min at 4°C, and the pellet was re-suspended in digestion buffer containing 1mg/ml DNase I 117 (Roche). The cells were centrifuged and washed with MEM (minimum essential medium Eagle,
118
Sigma-Aldrich) three times and were re-suspended in William's E media (Gibco) supplemented with 119 10% FBS, 100U/ml of penicillin and 100mg/ml streptomycin, 2mM L-Glutamine. The cells were 120 placed on plates coated with rat-tail collagen (Sigma-Aldrich). Four hours after plating, the cells were 121 washed with phosphate buffer saline (PBS) and used for experimentation.
122
Kupffer cells (KC) were isolated from mixed primary liver cell cultures using previously described 123 methods (17). Briefly, after perfusion with dissociation buffer, the liver was digested with collagenase 124 I (0.05%)(Sigma-Aldrich) in digestion buffer supplemented with 50μg/ml Trypsin inhibitor (Sigma-125 Aldrich). Cells were harvested and washed three times with MEM, and cultured in DMEM (Gibco, 126 10566) supplemented with 10% FBS, 100U/ml of penicillin and 100mg/ml streptomycin, 100μM β-127 mercaptoethanol, 10μg/ml insulin, 10mM HEPES and 50μg/ml gentamicin, in a flask coated with rat-128 tail collagen, 1X10 7 cells per T175 flask. The next day, the flasks were shaken to remove the dead 129 cells, and on days 4 and day 7, fresh medium was added and the KC were harvested at days 9 to 12 130 post plating by shaking and then selected by binding to a petri dish (BD). KC were recovered by 131 TrpLE select enzyme (Invitrogen) digestion and plated for experiments.
132
The liver sinusoidal endothelial cell (LSEC) isolation protocol was adapted from previously described To study the role of individual liver cell types in limiting NS2 H126R replication, we purified each of the 209 three major cell types, representing >95% of liver cells, and cultured them in vitro. Specifically, we 210 focused on the parenchymal cells (the hepatocytes) and the non-parenchymal Kupffer cells (KC) 211 and liver sinusoidal endothelial cells (LSEC), using established isolation and culture methods, as 212 described elsewhere (17, 18). To assess the purity of the liver cell preparations, we used the 213 nonspecific stain DAPI in all the tests to identify the nuclei. To identify hepatocytes, we stained with 214 an antibody that recognizes hepatocyte nuclear factor 4α (HNF4α), a marker for hepatocytes (green) 215 (21). Over 99% of the cells in the hepatocyte preparation were HNF-4α positive, as seen in Fig 1A- 
216
C, which show the merged blue and green stains. KC cells, the resident liver macrophages, were 217 detected by immunostaining for CD68 ( Fig 1D) , a KC specific marker (22). In the KC-purified 218 preparation, we found that >95% the cells were CD68-positive cells. LSEC were isolated from total 219 liver non-parenchymal cells. LSEC readily take up LDL (low density lipoprotein) (23). Therefore, we 220 incubated the LSEC with Alexa Fluor-488-conjugated-LDL for 2 hours, and then monitored the cells.
221
Over 95% of the cells were Alexa Fluor-488 positive ( Fig 1F) . To confirm there was little to no KC 222 cell contamination, the LSEC were stained with anti-CD68 antibodies; less than 1% of cells were 223 CD68 positive cells ( Fig 1E) . These results indicate that our isolation methods for hepatocytes, KC 224 and LSEC yielded highly purified products. 
247
(25) and the disruption of the endothelial barrier was monitored by morphology as assessed by 248 electronic microscopy (24). We observed that >80% of KC or >50% of LSEC cells were depleted 249 from mouse liver (data not shown). Following depletion of KC from B6 mice, NS2 H126R replicated to 250 100-500 fold higher level than in the non-depleted livers. The depletion of LSEC showed a less 251 dramatic increase in virus titer than KC depletion but titers were still significantly higher than that in 252 the control mice ( Fig 4A) . Liver pathogenicity was monitored by H&E staining of liver sections ( Based on previous findings that the OAS-RNase L pathway can be activated in BMM and BMDC as 281 well as microglia during NS2 H126R infection (9, 10), it is not surprising that the KC also activate 282 RNase L in response to viral infection. KC can be divided into two populations, one is yolk sac 283 derived which develop in the liver before the formation of bone marrow and the other population is 284 myeloid derived (27). A previous study showed that the yolk sac derived KC play roles in 285 immunosuppression, while myeloid derived KC are more immune active(27). We would predict that 286 the myeloid derived cells will be more readily activated to degrade RNA during viral infection and 287 future studies will include separating these types of KC and determining whether the two populations 288 have differences in the activation of the OAS-RNase L pathway during infection.
290
LSEC and KC form a barrier between the parenchymal hepatocytes and the blood (12, 13). Previous 291 studies showed that depletion of KC from rat or mouse liver improves the efficacy of gene therapy 292 mediated by lentivirus and adenovirus vectors (25). We have shown here that depletion of KC or 293 LSEC leads to a partial restoration of NS2 H126R liver replication, demonstrating that KC and LSEC 294 protect the liver from infection by limiting viral replication through activation of OAS-RNase L antiviral 295 pathways. These data are consistent with a previous reported that IFN signaling in myeloid cells was 296 crucial for protection from MHV induced hepatitis (28) and extend this finding to show that RNase L 297 activity specifically can restrict MHV NS2 mutant replication in the liver. Indeed, this is the first report 298 to find that KC and LSEC use the OAS-RNase L pathway to protect the mouse from viral liver 299 infection. It will be important to determine if this pathway limits other viral infections of the liver.
301
A key characteristic of LSEC is fenestration; these cells forms pores with diameters of 100-200nm 302 (29). While viruses need to cross the fenestration to infect hepatocytes, our results suggest that 303 MHV either cannot cross the fenestration or can cross inefficiently. Our results suggests that LSEC 
315
(10, 26). Rather, it is the high basal expression level of OAS proteins that play a key role in 316 activation of the pathway (10). We found that by reducing the levels of basal OAS gene expression 317 in BMM we were able to prevent RNase L activation (10). Thus we hypothesized that lack of RNase 318 L activation in hepatocytes would be due to low basal expression levels of OAS genes. We were 319 surprised to find undetectable levels of RNase L as well as OAS1a, OAS2 and OAS3 in 320 hepatocytes, which would provide an explanation for the lack of RNA degradation observed in virus-321 infected cells. This was the first cell type in which we found a lack of activation of the OAS-RNase 322 pathway correlated with low expression of RNase L as well as low levels of basal expression of 323 OAS. We speculate that since the liver has many pathogens and debris flowing though the 
